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Introduction
After canal preparation, the canal shape should ideally enclose the original main canal whilst avoiding preparation errors. Preparation errors are associated with difficulties in providing adequate cleaning, irrigation and filling of root canals, thus increasing the risk of failure (Gorni & Gagliani 2004 , Lin et al. 2005 ). Moreover, a major shift from the original canal axis may result in perforation and/or weakening of tooth structure. Therefore, controlled intraradicular dentine removal is desirable (Gulabivala & Ng 2014) .
Due to the tendency of files to return to their original shape and to cut along their entire length and surface area (Gulabivala & Ng 2014) , there is a propensity to over prepare root canals towards the outer curvature in the apical portion and the inner curve in the more coronal parts in multi-rooted teeth (Peters 2004) .
The preparation of a glide path after canal negotiation with small, flexible hand files aims to prevent breakage of engine-driven nickel-titanium instruments and reduce deviations of the canals axis, by allowing instruments to travel through the canals passively (Elnaghy & Elsaka 2014 , Dhingra et al. 2015 , Alovisi et al. 2017 . There is no current consensus in the definition of glide path. A commonly quoted definition is 'a smooth radicular tunnel from canal orifice to physiologic terminus (foraminal constriction)' (West 2010) . Further remarks from the same author include 'Its minimal size should be a "super loose No. 10" endodontic file', and 'The glide path must be discovered if already present in the endodontic anatomy or prepared if it is not present. The glide path can be short or long, narrow or wide, essentially straight or curved' (West 2010 ).
There appears to be no alternative definition of a glide path. Recently, several rotary nickel-titanium files have been proposed to achieve the so-called glide path (Berutti et al. 2009 , Gergi et al. 2010 , Pasqualini et al. 2015 .
The role of a glide path prior to engine-driven canal instrumentation has been emphasized in endodontic literature; however, basic research studies offer mixed conclusions. Therefore, the purpose of this systematic review was twofold:
• To compare apical transportation and centring of different glide path preparation techniques, with or without final canal shaping.
• To compare apical transportation and centring following final shaping in the presence or absence of a glide path.
Materials and methods

Literature search strategy
A database search was conducted to find published articles related to the creation of a glide path during root canal preparation in the databases PubMed, PubMed Central (PMC), Embase, Scopus, EBSCO Dentistry & Oral Sciences Source (DOSS) and Virtual Health Library (VHL), using a combination of the following terms: [glide path] AND [root canal]. The search fields were 'Text word or all text' in PubMed, PMC and DOSS, whilst 'Title, Abstract and Keywords' in Scopus and VHL, and 'all fields' in Embase. No restrictions were made based on publication year. Final database search was completed on the 3rd of October 2017. The search results were imported into a computerized database, combined and duplicated publications were eliminated.
Inclusion criteria
The question under review was framed according to the PICO format (Population; Intervention; Comparison; Outcome): P unprepared root canals, I glide path preparation, C alternative glide path preparation or no glide path preparation, O apical transportation or deviation from the canal axis in the presence or absence of final preparation.
Studies were included in the systematic review if they met the following criteria:
• Publication in English or in other Latin alphabets • Human teeth • At least one group receiving glide path preparation
• Clinical or basic research presented • Same nickel-titanium instrumentation used for root canal shaping following glide path preparation, if present
• Apical transportation and/or canal centring as outcome(s) Articles were excluded when inclusion criteria were not met or when they were review articles or expert opinion. Case or clinical technique reports were also excluded.
The reference lists of those articles included were checked for additional articles of relevance, using the same criteria.
Evaluation of the selected studies
Titles and abstracts of the studies were read by two investigators (RCH, GRF) and if insufficiently clear, the full article was read for accuracy of data gathering. After initial screening of the title and abstract, full text evaluation of the relevant articles was performed to confirm eligibility against the inclusion criteria. Disagreements concerning inclusion of a study were discussed until decision was obtained by consensus. Two reviewers (RCH, GRF) performed data extraction.
The following information was extracted for each study and recorded on a data collection sheet: author (s), year of publication, journal, root used, root length, root canal curvature (assessment method and range), sample size, imaging method, protocol of root canal preparation, irrigation solutions and differences amongst the groups on transportation and centring of the root canal preparation. Authors of the included studies were contacted for clarification and/or requested to provide further information as needed.
Methodological quality assessment
The experimental quality of the included studies was evaluated by two independent reviewers (RCH, GRF) using a customized version of a previously published risk of bias assessment tool (Tsesis et al. 2015) . The assessment included the following:
• • Attrition bias [Sample loss reported (Adequate: yes; Unclear: not specified; Inadequate: no)] To summarize the validity of studies, they were grouped into the following categories:
• Low risk of bias (i.e. studies that met at least six of the quality criteria)
• Moderate risk of bias (i.e. studies that met between three and five of the quality criteria)
• High risk of bias (i.e. studies that met at less than three of the quality criteria) Disagreements concerning study scores were discussed until a decision was obtained by consensus.
Results
After removal of duplicates, the database search strategy yielded a total of 2146 studies. Amongst the 2146 publications, 18 satisfied the inclusion criteria.
The results of the search strategy are presented in Figure 1 , as well as details and main characteristics of the included studies (Tables 1 and 2 Zanette et al. 2014 , Carvalho et al. 2015 , Dhingra et al. 2015 , Ocampo et al. 2015 , Turker & Uzunoglu 2015 , Amaral et al. 2016 , Coelho et al. 2016 , Alovisi et al. 2017 . The corresponding authors of seven studies were contacted for clarification (Alves et al. 2012 , Pasqualini et al. 2012a , Dhingra & Manchanda 2014 , Carvalho et al. 2015 , Dhingra et al. 2015 , Turker & Uzunoglu 2015 , Alovisi et al. 2017 , with only two providing the requested information (Carvalho et al. 2015 , Alovisi et al. 2017 .
The component studies included 981 canals in total. Of these, 471 canals were used to assess glide path preparation per se (i.e. prior to Ni-Ti mechanical instrumentation). The glide path was created using hand files [K-files 19.75% (n = 93) (Alves et al. not prepared and used as a negative control (Carvalho et al. 2015) .
Preoperative root canal morphology assessment and characteristics of the samples included are reported in Table 1 Evaluation methods and outcome measurement techniques are reported in Table 2 . Due to the variety of methods and techniques used to measure the outcomes of the apical transportation and centring during the root canal preparations, and the limited access to mean and standard deviations data, it was not possible to standardize the research data and carry out a meta-analysis. Therefore, in the present systematic review, a narrative synthesis was carried out (Joanna Briggs Institute 2015) , collating the data in Tables 1 and 2 , presenting the relevant results from the component studies.
Of the 18 studies included, four presented a high risk of bias (Pasqualini et al. 2012a , Dhingra & Manchanda 2014 , Elnaghy & Elsaka 2014 , Dhingra et al. 2015 , 10 showed a moderate risk of bias (UrozTorres et al. 2009 , Meireles et al. 2012 , Zanette et al. 2014 , Carvalho et al. 2015 , Kirchhoff et al. 2015 , Ocampo et al. 2015 , Amaral et al. 2016 , Ber astegui et al. 2016 , Coelho et al. 2016 , Paleker & van der Vyver 2016 , and four had a low risk of bias (Alves et al. 2012 , D'Amario et al. 2013 , Turker & Uzunoglu 2015 , Alovisi et al. 2017 (Figs 2 and 3) . 
Discussion
Preparation of a glide path using rotary sequences performs similarly (in most studies) or significantly better than manual preparation when assessing apical transportation or canal centring. When compared to the absence of a glide path, preparation of a glide path prior to final shaping performed similarly, or significantly better, with regard to apical transportation or canal centring.
All the canals assessed in the component studies received manual instrumentation at least to size 10 to achieve working length determination. In the absence of an established definition of glide path, this step was disregarded. However, it is worth mentioning that no canal was treated with engine-driven files solely in the component studies. Alternatively, preparation of a glide path mechanically in the absence of manual instrumentation has been suggested (Yared 2015) .
Effect of final file tip size
The glide path preparation size never coincided with the apical size of the first engine-driven file reaching the same working length in the component studies. In fact, the final files used for glide path preparation were the following dimensions: at least 0. (Meireles et al. 2012) . Thus, no association between the tip size of the final file used for glide path preparation and apical transportation and/or centring following engine-driven preparation was found. . Seven of these compared manual K-files with engine-driven systems to achieve glide path preparation (i.e. PathFile, ProGlider, G-file). K-files performed worse with regard to canal centring ability in two studies (Paleker & van der Vyver 2016 , Alovisi et al. 2017 , and in one on apical transportation (Paleker & van der Vyver 2016 ). However, in five studies (Alves et al. 2012 , Pasqualini et al. 2012a , D'Amario et al. 2013 , Kirchhoff et al. 2015 , Turker & Uzunoglu 2015 , K-files were associated with similar results when comparing the apical transportation to the other systems. Therefore, rotary glide path preparation performed similarly to or better than manual preparation.
Effect of glide path preparation per se
Two investigations (Dhingra & Manchanda 2014 , Ber astegui et al. 2016 ) assessed the ability of several engine-driven glide path systems (i.e. PathFile, ProGlider, Race ISO 10, V Glide Path 2). In one study, there were no significant differences on apical transportation when PathFile, Race ISO 10 and ProGlider were compared (Ber astegui et al. 2016) . Similarly, the second study compared PathFile with V Glide Path 2 and revealed no differences on the centring of the preparation, although the PathFile system exhibited less apical transportation (Dhingra & Manchanda 2014) . Thus, the different rotary glide path preparation systems performed similarly.
Glide path prior to the final preparation with different systems Coelho et al. 2016 , Alovisi et al. 2017 assessed the effect of glide path preparation using various techniques on subsequent root canal shaping with different preparation systems (i.e. ProTaper Next, ProTaper Universal, MTwo, WaveOne, Reciproc). Amongst these, seven studies used manual K-files for comparison (Uroz-Torres et al. 2009 , Meireles et al. 2012 , Zanette et al. 2014 , Carvalho et al. 2015 , Turker & Uzunoglu 2015 , Coelho et al. 2016 , Alovisi et al. 2017 . In six of these, no differences were observed in regard to centring ability and apical transportation during subsequent shaping (UrozTorres et al. 2009 , Meireles et al. 2012 , Zanette et al. 2014 , Carvalho et al. 2015 , Turker & Uzunoglu 2015 , Coelho et al. 2016 . However, in one study, the glide path prepared using K-files had the largest effect on centring ability (Alovisi et al. 2017) . In summary, no differences regarding apical transportation and canal centring were found, even if glide path preparation up to size 15 or 20 was completed by manual instrumentation.
Four studies had a control group without glide path preparation before final root canal shaping (Elnaghy & Elsaka 2014 , Dhingra et al. 2015 , Ocampo et al. 2015 , Amaral et al. 2016 . Amongst these, two demonstrated that the absence of glide path increased apical transportation following final shaping with ProTaper Next or WaveOne (Elnaghy & Elsaka 2014 , Dhingra et al. 2015 ; conversely, no differences were found in two investigations using the same sequences (Ocampo et al. 2015 , Amaral et al. 2016 . When assessing centring ability, no differences were found in three studies (Elnaghy & Elsaka 2014 , Ocampo et al. 2015 , Amaral et al. 2016 . Therefore, a glide path may be helpful to reduce apical transportation; however, inconsistent results were present amongst the included studies.
Methodological aspects
All the component studies used custom-made jigs or similar to standardize imaging. Periapical radiographs were commonly used to assess root curvature prior to the assays, with one exception which used lCT scanning (Pasqualini et al. 2012a) . Only two investigations assessed the radius of the curvatures (Carvalho et al. 2015 , Alovisi et al. 2017 . It is worth noting that this factor, together with curvature degree, length and location, has an influence on the preparation outcomes (H€ ulsmann et al. 2005) .
The imaging technique used may also have affected the results of the component studies. Periapical radiographs were used as a method of evaluation of apical transportation in seven investigations (Uroz-Torres et al. 2009 , Alves et al. 2012 , Meireles et al. 2012 , D'Amario et al. 2013 , Zanette et al. 2014 , Turker & Uzunoglu 2015 , Coelho et al. 2016 . Interestingly, these studies found no significant differences amongst the experimental groups. The lack of significant differences can be partly explained by the limited sensitivity of two-dimensional imaging to assess threedimensional structures. Conversely, when using three-dimensional imaging, some significant differences were found. CBCT was used to assess apical transportation and shaping centring in seven investigations (Dhingra & Manchanda 2014 , Elnaghy & Elsaka 2014 , Zanette et al. 2014 , Carvalho et al. 2015 , Dhingra et al. 2015 , Turker & Uzunoglu 2015 , Ber astegui et al. 2016 , and two studies revealed significant results in regard to final root canal shaping achieved with WaveOne and ProTaper Next and showing better performance when a glide path was prepared (Elnaghy & Elsaka 2014 , Dhingra et al. 2015 . Finally, lCT was employed in five studies (Pasqualini et al. 2012a , Kirchhoff et al. 2015 , Amaral et al. 2016 , Paleker & van der Vyver 2016 , Alovisi et al. 2017 , of these, four (Pasqualini et al. 2012a , Kirchhoff et al. 2015 , Amaral et al. 2016 , Paleker & van der Vyver 2016 ) evaluated apical transportation. Only one study (Paleker & van der Vyver 2016 ) reported significant differences, with Gfile and ProGlider showing better results when compared to K-File glide path preparations. Canal centring ability was analysed in three investigations with lCT (Amaral et al. 2016 , Paleker & van der Vyver 2016 , Alovisi et al. 2017 , with one not detecting differences when comparing final shaping using WaveOne with or without the previous use of PathFile (Amaral et al. 2016) . In a second study, preparation of a glide path with K-files was associated with less centred preparations compared to preparation with ProGlider (Alovisi et al. 2017) . Similarly, a third study reported better centring for PathFile, when compared with K-files (Paleker & van der Vyver 2016) .
Two lines of statistical reasoning may help to explain the limited amount of significantly different results and assess the study heterogeneity. First, some data sets had large standard deviations in relation to the mean values of the results. Second, a sizeable coefficient of variation was noted, which is another measure that improves the characterization of the data dispersion (data not shown). The latter measure is the ratio of the standard deviation to the mean, stated as a percentage. Low values are considered better, as this value indicates that the variability in measurements is small relative to their mean. In all the studies where this data was available, large values of the coefficient of variation were observed. Therefore, it appeared that heterogeneous samples were present in several component studies (Winner 2009 ).
In addition to heterogeneity of samples, there was a frequent absence of an a priori power size calculation, occurring in 17 out of 18 component studies. Therefore, their results should be interpreted with caution because inadequate power size cannot be ruled out.
In the present review, the methodological quality of the included studies was appraised and categorized according to their risk of bias. Bias is defined a systematic errors that may lead a false estimation of the intervention. Thus, it is crucial to assess the risk of bias of all studies included in a systematic review (Higgins et al. 2011) . When synthesizing the results of the component studies based on their risk of bias, only one of the four studies with a low risk of bias revealed significant differences (Alovisi et al. 2017) . However, of five other studies that had significant differences (Dhingra & Manchanda 2014 , Elnaghy & Elsaka 2014 , Dhingra et al. 2015 , Paleker & van der Vyver 2016 , three were described as having a high risk of bias (Dhingra & Manchanda 2014 , Elnaghy & Elsaka 2014 , Dhingra et al. 2015 . This observation highlights the difficulties in providing robust recommendations in the presence of bias, which can lead to inconsistencies amongst the relevant evidence.
Clinical implications
A preliminary canal negotiation using a hand file of at least size 10 is currently recommended in routine clinical practice to prevent deviations from the main canal (Hargreaves et al. 2011) . None of the component studies assessed apical transportation or centring without this step.
Engine-driven glide path preparation performed at least similarly to manual instrumentation, and no significant differences were found when comparing the different rotary systems. The preparation of a manual glide path may still be important to prevent instrument breakage. Interestingly, the component studies indicated this specific complication as associated solely with engine-driven glide path preparation (Uroz-Torres et al. 2009 , Alves et al. 2012 , Turker & Uzunoglu 2015 , Ber astegui et al. 2016 . However, a different systematic review is necessary to summarize this aspect. Finally, glide path preparation with rotary files is associated with less postoperative pain and faster symptom resolution, when compared to the use of hand files (Pasqualini et al. 2012b) .
The clinical relevance of the apical transportation magnitude needs further understanding. The highest values reported was 0.32 mm (Uroz-Torres et al. 2009), which should be considered an outlier, taking into account that the remaining mean apical transportation values were less than 0.19 mm. This outlier value can be explained by the fact that their mean value of canal curvature degree was higher than the remaining component studies. Although a systematic review with meta-analysis was unable to draw definitive conclusions for the effect on outcomes of technical errors during shaping, significantly lower success rates were often reported in their component studies if these occurred (Ng et al. 2008) . Furthermore, adequate root canal filling, which depends on previous root canal shaping, improves outcomes significantly (Ng et al. 2008) .
Conclusions
Based on the available evidence, and within the limitation of the studies included, preparation of a glide path using engine-driven sequences is associated with similar (in the majority of the included studies) or reduced apical transportation and/or loss of canal centring ability when compared to manual preparation. Preparation of a glide path prior to final shaping was also associated with similar or reduced apical transportation and/or loss of centring, when compared with the absence of a glide path. However, it is worth noting that these deviations from the main canal occurred regardless.
